Twelve different prosthetic feet were tested by 10 male subjects with right below-knee amputations. Level walking with each prosthetic foot was investigated using a pair of force plates.
Introduction
Many ankle-foot assemblies have been developed recently and are now available.
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However, none of them is equipped with a mechanism that allows an in-use adjustment by the prosthetist or patient in-order to respond to the individual needs of the amputee (Aoyama, 1987) . Many physicians who prescribe prostheses are hampered by the lack of objective, functional data that would allow selection of the most suitable foot for a specific amputee. To facilitate the task of prescription the functional features of various prosthetic feet were investigated in this study.
Subjects and methods
Twelve different prosthetic feet were selected. There were three single-axis (domestic, Otto Bock, LAPOC), two multiaxes (Greissinger, Multiflex) and seven nonaxial feet (Otto Bock Dynamic, domestic SACH, SAFE 11, Carbon Copy 11, Quantum, Seattle, Seattle Light). These were fitted on ten male subjects (mean age: 51.1 years) with right below-knee amputations. Five of the subjects were under the age of 50 (30 to 49 years; mean age: 39.4 years), while the rest were aged over 50 (53 to 71 years; mean age: 62.8 years) (Table  I) . During level walking at the velocities at which the subjects could walk comfortably the ground to foot force components were measured for each prosthetic foot using a pair of force plates. The walking velocities were determined by dividing the stride length by the swing phase period. The walking velocities were distributed between 1.07 and 1.23 d s . A force plate with a sampling rate of 50 Hz was used to measure the three components of the floor reaction force of the left and right foot In addition, level walking was analysed in five healthy males (control subjects) aged from 28 to 54 years (mean age: 40.8 years). Five parameters and two types of evaluation were identified as effective in comparing the walking of normal subjects and amputees using prostheses.
The parameters used to characterise the performance. of the ankle-foot assemblies were as follows: 1.
Step length ratio: The ratio of the step length of the left leg (sound side) to the step length of the right leg (prosthetic side). Walking velocity ratio: The ratio of the walking velocity of the right lower leg (prosthetic side) to the walking velocity of the left lower leg (sound side). The walking velocities of both lower feet were measured and period of double support for each subject.
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separately and determined by dividing the stride length by the swing phase period. Depth of the valley: The depth of the valley in the pattern of the vertical component of the floor reaction force (the level of minus velocity at mid-stance) was determined as an indicator of the smoothness of walking. The difference between the mean value of the first peak (Pl) and second peak (P2) and the valley (V): (Pl+P2)12-V.
Efficiency of deceleration and acceleration:
The efficiency of deceleration and acceleration was determined by adding the absolute values of the maximum deceleration force (Dmax) and the maximum acceleration force (Amax) according to the fore and aft component of the floor reaction force: Dmax-t Amax.
The mean values and standard deviation (SD) of the above four parameters were determined for each individual subject. A score of +10 points was assigned when a value of an ankle-foot assembly was equal to or greater than +SD, a score of 0 points was assigned when the value was within k SD, and a score of -10 points was assigned when the value was equal to or
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less than -SD. roll-over of the lower foot was not occurring smoothly, 10 points were subtracted when such a pattern was observed ( Fig. 1 ). Subjective Evaluation: In order to provide a comparison with the objective evaluation, a subjective evaluation of the ankle-foot assemblies was obtained from the subjects using a simple questionnaire. Subjective evaluation of each prosthetic foot was classified into the following three groups according to the answer to the above questionnaire as; A: good, B: acceptable, and C: unacceptable (Table 2) . Activity Evaluation: The activity level of each amputee was scored using the activity evaluation chart prepared by Day (1981) .
The t-test, chi-squared test, correlation coefficients, and linear regression were used for statistical analysis. The level of significance was set at pC0.05.
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Results
Measured parameters
Some ankle-foot assemblies could not be evaluated on some amputees because the stump was too long to allow attachment. 1.
Step length ratio: The ratio of the left step length to the right step length was 96.1 * 1.36(%) in the control group and 85.9 f 6.29(%) in the amputee group ( Table 3 ). The step length on the prosthetic side was significantly longer than the sound side (p<O.Ol). In addition, this ratio was observed to vary for different ankle-foot assemblies. (Table 3) . Although no significant difference was observed between the two groups of subjects, the walking velocity ratios differed among the various anklefoot assemblies. For example, the ratio values of the SAFE I1 and domestic singleaxis feet were large, while those of the Greissinger and Quantum feet were small (Table 4) . The correlation between the step length ratio and the walking velocity ratio was quite strong (r=0.867719) (Fig. 2) those of the SAFE I1 and Carbon Copy I1 feet were small (Table 4) . The correlation between the depth of the valley and the efficiency of deceleration and acceleration was moderate (r= 0.53486) (Fig. 3) .
The subjects were divided into three classes each containing two groups of five subjects each according to: 1) those over 50 years old (53 to 71 years; mean age: 62.8 years) those under 50 years old (30 to 49 years; mean age: 39.4 years); and 2) those whose ratio of residual limb length to height (abbreviated as stump lengthheight) was large (8.5 to 16.6%; mean: 12.9%) versus those whose stump lengthheight ratio was small (7.0 to 8.4%; mean: 7.7%), and 3) those whose time since amputation was long (19 to 48 years; mean: 29.2 years) versus those whose time since amputation was short (2 to 14 years; mean: 7.4 years). When examined in this manner, although the values for the depth of the valley were larger in the group with the larger stump lengthheight ratio (p<0.05), no differences were observed with respect to the other parameters ( Table 3 ). An irregular pattern in the wave of the fore and aft component of the floor reaction force on the prosthetic side.
No cases had irregular wave patterns on the sound side. But the frequency of irregular wave pattern on the prosthetic side was highest in the domestic SACH foot and the Seattle foot. There were no irregular wave patterns in the Otto Bock single-axis foot (Table 5 ). In addition, when the frequency of irregular wave pattern was examined by dividing the subjects into the three sub-groups Table 3) . 6. Subjective evaluation: The distinction between "good" and "acceptable" was not always clear and appeared to be influenced by the intelligence, comprehension, and level of interest of the subjects. Some replies were vague, for example, "not bad" and "fairly good". With respect to "unacceptable" ratings, however, those ankle-foot assemblies that did not function well were identified with relative ease, and were described in such terms as "difficult to walk with". 7. Activity evaluation: The activity score rating of the subjects varied between +46 to +20 (mean: +32.1). Their activities were all classified as "very high" or "high" according to the rating of Day (1981). No significant correlation was observed between the stump length/height and activity level (p<O.OS). In addition, because the elderly subjects also demonstrated high levels of activity, no significant correlation was observed between age and activity level ( Table 1) .
Scoring of the objective evaluation 1. Comparison of the objective and subjective evaluations: The objective and subjective evaluations were not always in agreement. However, in the 13 cases where the subjective evaluation was "unacceptable", 6 also yielded negative scores in the objective evaluation, and only 2 had positive scores. In contrast, among 66 cases where the subjective evaluation was "good", only 11 had a negative score in the objective evaluation. Thus, a subjective evaluation of "unacceptable" was associated more often with a negative score in the objective evaluation than an evaluation of "good" (p<O.OS). These findings suggest that the objective evaluation standards that were selected identify a negative score with ankle-foot assemblies that d o not function properly (Table 6 ).
. Suitability of the prosthetic feet: The total
scores of the objective evaluations showed that non-axial feet developed recently, such as the SAFE I1 and Seattle Light feet, received a higher score in the older age group (over 50). Single-axis feet such as the LAPOC and Otto Bock feet, received a higher score in the younger age group (under 50) (p<0.05) ( Table 7) .
Discussion
Many researchers have investigated the temporal and spatial parameters of prosthetic gait with below-knee amputees. Breakey (1976) has reported that the stance phase of the amputated limb occupied 37% of one gait cycle, while the sound side occupied 43%. Robinson et al. (1977) have investigated the walking of below-knee amputees using a SACH foot and stated that the step length on the prosthetic side was somewhat longer than that on the sound side. The difference in the mean length was 5 cm at a walking speed of 1.07 d s . Doane and Holt (1983) have compared the SACH foot to the single-axis foot, and found no difference in walking velocity between the two (both The results of this study suggest that time- distance parameters are important for evaluating prosthetic walking. The step length and walking velocity varied with the type of ankle-foot assembly tested as well as the site of amputation. The strong positive correlation between the step length and the walking velocity emphasized the fact that an amputee wearing a prosthetic foot suitable for his activity level can walk faster with longer steps on the sound side, while the opposite also holds true. Thus the speed and step length of the sound limb provide useful guidelines for the selection of an appropriate prosthetic foot.
d s ) .
Assessment of prosthetic feet by the analysis of floor reaction force has also been reported by various researchers. Ehara et al. (1985) have compared the degree of irregularity in traces of the fore and aft component of the floor reaction force, and concluded that the main cause of such irregularities was the mechanism of the instep bumper. When dorsiflexion of the prosthetic foot is controlled by smoothly increasing resistance, a smooth transition between the fore and aft shearing forces is also attained.
In this study, the irregular wave pattern was found for the domestic SACH foot in the older age group. In contrast, multi-axes feet such as the Greissinger or Multiflex showed little disturbance of the wave pattern. The irregularity was also rarely seen in the subjects with longer stumps. In this group, the valley in the vertical component force curve was also deeper than in the patients with short stumps. The floor reaction forces are influenced not only by the physical characteristics of the prosthetic foot, but also by the length of the stump, the muscle strength of the lower limb and the duration since amputation. These physiological factors are the most important ones to consider when determining which prosthetic foot is the best choice for a particular patient.
It is well known that as a patient becomes weaker, a softer heel bumper should be chosen. Hardness of the heel bumper can also affect prosthetic walking. This was demonstrated by the gait analysis of an amputee wearing a singleaxis foot when heel bumpers of different hardnesses were tested (Kasahara, 1983) .
Several sets of clinical guidelines for the selection of prosthetic feet have been reported. Wing and Hittenberger (1989) have suggested that the Flex foot followed by the Carbon Copy I1 and Seattle feet are suitable for active patients due to their good propelling features. In contrast, those feet such as the SAFE or STEN feet are the choice for less active amputees. Wirta et af. (1991) have identified four variables to use in determining the optimal prosthetic foot (age, actualhdeal body weight ratio, residual limb lengthheight ratio, and frequency/length of stride ratio).
However, neither of the above mentioned reports has included an objective evaluation of amputee performance with the different prosthetic feet.
In this study, five parameters were selected to use in gait analysis and compared with the objective evaluations to, subjective impressions of the amputees. With an optimal prosthetic foot, the amputee can walk faster and achieve an equal step length on both the prosthetic and sound sides. The floor reaction force on the prosthetic side, especially during deceleration and acceleration, will show a regular curve which indicates smooth transition of the centre of gravity.
The assessment of the various prosthetic feet in accordance with the objective evaluation clarified the factors for matching prosthetic feet with the activity level or physical condition of the amputees. It was found that clinical standards used for the selection of a prosthetic foot are fairly compatible with the objective evaluation of amputee perfqrmance . Consequently, the older age group (over 50) in the study showed a better performance using the non-axial feet equipped with elastic keel such as SAFE I1 and Seattle Light feet.. On the other hand, the patients age under 50 years performed better with the single-axis feet such as LAPOC or Otto Bock. The results generally coincide with the mechanical features of the prosthetic feet such as weight, hardness of bumpers and toe-break. Both the SAFE I1 and Seattle Light feet are relatively light and are equipped with an elastic keel which provides firm support and smooth push-off for the older amputees.
Conclusion
1.
2.
A significant correlation was confirmed between the step length and velocity of the sound limb (p<0.05). Irregularity of the curve describing the fore and aft component of the floor reaction force vaned in proportion to the stump length and the duration since amputation. The longer the stump and the duration, the smaller the irregularity of the curve (p<0.05).
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Objective evaluation of five parameters was compared to the subjective evaluation of the amputees. A good correlation existed between the objective score and negative preference by the patients The newly developed non-axial feet (SAFE I1 and Seattle Light) achieved high objective scores in the patients aged over 50. Single-axis feet of modular systems (LAPOC and Otto Bock) achieved high scores in the subjects under 50 years of age (~~0 . 0 5 ) . The propelling force at push-off stage and the walking speed increased in proportion to the length of the stump.
(p<O.OS).
